Diapause in insects is known to occur at various developmental stages, such as the embryo, larva, pupa, and adult, and it is regulated by endocrine interaction (Denlinger 2002) . Diapause is a dynamic process consisting of several successive phases: prediapause, diapause, and postdiapause (Koštàl 2006) . Antheraea pernyi (Gué rin-Mé neville) is an economically important insect used for silk-production and a source of insect food . Antheraea yamamai (Gué rin-Mé neville) is closely related to A. pernyi. The two species can produce partially viable offspring by interspeciÞc hybridization (Takeda et al. 1997 ). Yet, their life cycles are totally different, because A. pernyi undergoes a winter diapause as a pupa and A. yamamai undergoes a winter diapause as a pharate Þrst instar resting within the eggshell.
KK-42, 1-Benzyl-5-[(E)-2,6-dimethyl-1,5-heptadienyl] imidazole, is an insect growth regulator. In some insects, KK-42 has been shown to act as an antijuvenile hormone agent or as an ecdysteroid antagonist (Kuwano et al. 1985 , Kadono-Okuda et al. 1987 . KK-42 has also been shown to induce a precocious termination of diapause in pharate Þrst instars of A. yamamai (Suzuki et al. 1990 ), the gypsy moth Lymantria dispar L. (Suzuki et al. 1993, Lee and Denlinger 1996) , and in pupae of the cotton bollworm Helicoverpa armigera (Hü bner) (Wang et al. 1999) . So with such an effect, it represents a tool for analysis of diapause mechanisms (Wang et al. 1999) .
A (KK-42)-binding protein (KK-42BP) has been isolated from the diapausing pharate Þrst instars of A. yamamai (GenBank accession no. BAC66969; Shimizu et al. 2002) . It has been demonstrated that this protein appears throughout the period of diapause and disappears after the KK-42 application and a long period of chilling, and appears in gut contents (yolk cells) of pharate Þrst instars of A. yamamai. Thus, KK-42BP is a protein associated with diapause termination with imidazole (Shimizu et al. 2002 , and may be involved in diapause termination as a receptor of an endogenous signaling compound .
As observed in A. yamamai (Lin et al. 1999) , we have shown that the imidazole derivative, Jinlu, can induce tetramolters into trimolters in A. pernyi treated early in the third instar ). In addition, we have isolated the full-length cDNA of the KK-42BP gene of A. pernyi (ApKK-42BP; FJ744151) by using the Expressed Sequence Tags (EST) sequencing ). The ApKK-42BP gene encodes a polypeptide of 502 amino acids with the predicted molecular weight of 57 kDa, an isolectric point of 6.4, and is probably a lipase. However, its expression pattern and related functional information remain unknown.
To further understand the action of the ApKK-42BP gene, here we have compared its protein sequence with other known related protein sequences, analyzed the phylogenetic relationships among them, and investigated its expression pattern. Our results indicate that the KK-42BP gene is likely involved in a function other than as a yolk protein in the development of A. pernyi.
Materials and Methods
Insects and Samples. A bivoltine A. pernyi strain (Shenhuang No. 1) was used in this study. This strain may occur twice a year as spring and autumn silkworm. The spring silkworm pupae were nondiapausedestined, whereas the autumn silkworm pupae were diapause-destined. A univoltine strain (33), that occurs once a year and generates the diapause-destined individuals, was also used to investigate the expression pattern of the ApKK-42BP gene. Larvae were naturally reared on oak trees in the Þeld, and pupae were kept in a room at Ϸ20ЊC. The eggs after oviposition were incubated at 20ЊC, and were sampled at different times during development. The ovarian follicles undergoing vitellogenesis of female pupae were also sampled. Silkworm larvae at day 10 of the Þfth instar were used to obtain samples of hemolymph, fat body, midgut, silk glands, integument, Malpighian tubules, spermaries, ovaries, brain, and muscle. During the pupal stage, fat bodies of female pupae at different times, including nondiapause, prediapause, diapause, and postdiapause periods, were sampled. The whole larvae at day 10 of the Þfth instar, pupae and adults were also sampled. All the samples were immediately frozen in liquid nitrogen and stored at Ϫ80ЊC for later use.
Total RNA Extraction and First Strand cDNA Synthesis. Total RNA was extracted from A. pernyi samples using the RNAprep pure Tissue Kit (TIANGEN Biotech Co. Ltd., Beijing, China). The purity and quantity of extracted RNA was quantiÞed by the ratio of OD 260 /OD 280 with an UV spectrometer. Using 2 g of total RNA per sample, the Þrst strand cDNA was generated using the oligo(dT) 15 primer with the TIANScript RT Kit (TIANGEN Biotech Co. Ltd.).
Reverse Transcription-Polymerase Chain Reaction Analysis. The cDNA samples were ampliÞed by the semiquantitative reverse transcription-polymerase chain reaction (RT-PCR) method using the gene speciÞc primer pair LYQ83 (5ЈÐCCGCT CTCAT AGTAA AAACA AÐ3Ј) and LYQ84 (5ЈÐGGTCC TAACA GTAGC CAGTCÐ3Ј) for the ApKK-42BP gene, which generated a 448 bp fragment. An actin gene (GU073316) was used as an internal control with the speciÞc primer pair LYQ85 (5ЈÐCCAAA GGCCA ACAGA GAGAA GAÐ3Ј) and LYQ86 (5ЈÐCAAGA ATGAG GGCTG GAAGA GAÐ3Ј), which generated a 468 bp fragment (Wu et al. 2010) . RT-PCR ampliÞ-cation was performed in a total reaction volume of 25 l, containing cDNA sample, 1ϫ PCR buffer, 10 pmol of each primer, 0.25 mM dNTP, and 2.5 U of TaqDNA polymerase (TIANGEN Biotech Co. Ltd.). PCRs were carried out with the following cycles: initial denaturation at 95ЊC for 3 min; followed by 30 cycles of 45s at 95ЊC, 30 s annealing at 55ЊC, 30 s extension at 72ЊC; and a Þnal extension at 72ЊC for 7 min. To make sure that the PCR ampliÞcation of the target gene was not saturated, four cycle numbers (24, 27, 30, and 33) for the PCR ampliÞcation were used, and the results showed that the suitable ampliÞcation cycle number was 30. The ampliÞcation products were analyzed on 1.0% agarose gels stained with ethidium bromide. To avoid sample DNA contamination, negative RT-PCRs control reactions were performed with every total RNA as templates. To conÞrm the speciÞcity of RT-PCR ampliÞcation, the RT-PCR products were puriÞed from the gel and sequenced directly. The RT-PCR experiments were performed three times.
Homologous Comparison and Phylogenetic Analysis. The full-length ApKK-42BP gene has been isolated from a pupal cDNA library constructed in our lab ). Using the protein sequence of the ApKK-42BP gene as query, BLAST search was performed at http://www.ncbi.nlm.nih.gov/blast.cgi. The protein sequences of ApKK-42BP homolgues from other organisms were retrieved from the GenBank database. Clustal X software (Thompson et al. 1997 ) was used to generate amino acid sequence alignment. A phylogenetic tree was constructed by MEGA version four (Tamura et al. 2007 ) using the Neighbor-Joining (NJ) method (Saitou and Nei 1987) . A poisson-corrected distance was used, and the statistical signiÞcance of group in the NJ tree was assessed by the bootstrap probability with 2,000 replications.
Results

Homologous Comparison Between KK-42BPs and
Related Proteins. The full-length cDNA of the ApKK-42BP gene (FJ744151) has been isolated from pupa, which protein shows a 95% sequence identity to that of A. yamamai KK-42BP ). In a search of GenBank database, the KK-42BP protein homologues were found in various kinds of invertebrates and vertebrates, such as minor yolk protein also known as egg speciÞc protein in Bombyx mori (1607133A; Inagaki and Yamashita 1989) , minor yolk polypeptide two in Plodia interpunctella (Hü bner) and Galleria mellonella L. (AAC62229 and AAB09081, respectively; Shirk and Perera 1998), lipase one in Aedes aegypti L. (XP_001662499 and XP_001649994), lipase three and CG31871 in Drosophila melanogaster (Meigen) (AAY55668 and AAF52985; Pistillo et al. 1998 ), gastric triacylglycerol lipase in Rattus norvegicus (Berkenhout) (P04634) and gastric triacylglycerol lipase in Homo sapiens L. (NP_001185758). Because the two lepidopteran yolk proteins from B. mori and P. interpunctella could actually be considered as lipase homolog proteins (Pistillo et al. 1998) , the majority of those related proteins, mentioned above, were lipoprotein lipases.
Multiple sequence alignments revealed that ApKK-42BP had a 48% sequence identity to B. mori yolk protein, and a 44 and 37% identity to yolk polypeptide two from P. interpunctella and G. mellonella, respectively. ApKK-42BP only showed a 26 Ð36% identity to known lipases from other invertebrates and vertebrates. Sappington (2002) has demonstrated that lepidopteran minor yolk proteins, higher-dipteran major yolk proteins, and lipoprotein lipases are indeed homlogous. However, no Ͼ10% sequence identity was observed between ApKK-42BP and three known yolk proteins in D. melanogaster, belonging to the higherdipteran major yolk proteins (Yan et al. 1987 ). These results indicated that KK-42BPs from A. pernyi and A. yamamai are closely related to known yolk proteins from B. mori and P. interpunctella.
By sequence alignment, we found that these protein sequences from lepidopteran insects, including A. pernyi, A. yamamai, B. mori, P. interpunctella, and G. mellonella, contained the N-terminal extension of their polypeptide sequences compared with those from other invertebrates and vertebrates (Fig. 1) . In eukaryotes, many proteins contain the N-terminal extension of their polypeptide sequences compared with their homologues that enable to functional expansion (Guo et al. 2008) . Thus, the appearance in evolution of Lepidoptera-speciÞc regions for the N-terminal extension may enable functional expansion. We also found that the KK-42BP sequences from A. pernyi and A. yamamai contained the C-terminal truncation of their polypeptide sequences, compared with those from other lipdopteran yolk proteins and lipases. Except for the N-terminal extension and C-terminal truncation, the KK-42BP sequences from A. pernyi and A. yamamai showed a higher degree (36 Ð 67%) of sequence identity to those of other organisms.
Lipase is an important enzyme that catalyzes the hydrolysis of ester bonds in water-insoluble, lipid substrates and plays essential roles in the digestion, transport and processing of lipids (e.g., triglycerides, fats). Like lipase three, revealed by analysis of the conserved domains at http://www.ncbi.nlm.nih.gov/ Structure/cdd/wrpsb.cgi/, two KK-42BPs also contained two putative conserved domains, abhydro_ lipase and abhydrolase_1 (data not shown). The two KK-42BPs are related to acid lipases, with a common GHSQG motif, within a more general consensus GX-SXG, identiÞed as the active site shared by all members of the lipase superfamily (Horne et al. 2009 ). Although the two KK-42BPs and related proteins are highly variable during evolution, the lipid binding sites (Sappington 2002) (P04634) and H. sapiens gastric triacylglycerol lipase (NP_001185758). The yolk polypeptide two sequence of G. mellonella was included, although it was partial. A NJ tree was constructed using amino acid sequences and a poisson-corrected distance (Fig. 2) . In the phylogenetic tree, the protein sequences used were well divided into two groups. Within the group I, these related proteins were further clustered into two subgroups: Ia and Ib. The subgroup Ia included three known lepidopteran minor yolk proteins and two KK-42BPs, with 100% bootstrap support value. The subgroup Ib corresponded to four lower dipteran lipases. The other related proteins were clustered into the group II, corresponding to lipases, with 75% bootstrap support value. The phylogenetic analysis further supported that KK-42BP is a new member of the minor yolk proteins.
Tissue Distributions. The semiquantitative RT-PCR was used to investigate the tissue distributions of ApKK-42BP mRNA in Þfth instars. The negative control exhibited no products (data not shown). By sequencing, we conÞrmed that the positive RT-PCR products were ampliÞed from the ApKK-42BP gene sequence. RT-PCR results indicated that ApKK-42BP mRNA was observed from all tested tissues of Þfth instars, including hemolymph, midgut, silk glands, Malpighian tubules, spermaries, ovaries, brain, muscle, fat body, and integument (Fig. 3A) . We also found that ApKK-42BP mRNA was observed in both female and male moth (Fig. 3B) . In addition, the results showed that ApKK-42BP mRNA expression was at a low level compared with that of the control.
Developmental Changes. Developmental expression of ApKK-42BP mRNA was also investigated by RT-PCR. The results showed that ApKK-42BP mRNA was expressed throughout the four developmental stages (egg, larva, pupa, and adult) (Fig. 3B) , suggesting that the product of the KK-42BP gene plays an important role throughout the entire life cycle in A. pernyi.
Investigation of the expression changes throughout embryonic development showed that ApKK-42BP mRNA was observed in egg at day 5 up to hatching (Fig. 3C) . No expression signals were detectable in eggs at day 1 and 3. In addition, expression of ApKK-42BP mRNA was much higher in ovarian follicles undergoing vitellogenesis dissected from female pupae than that in mature eggs after oviposition. Note that ApKK-42BP was also identiÞed by proteomics analysis of the embryo (unpublished data).
The brain is an important organ for the process of diapause, and some signaling molecules from the brain of diapause-destined individuals are released into the hemolymph to regulate diapause (Lu and Xu 2010) . In A. pernyi, the spring individuals were nondiapausedestined, whereas the autumn individuals were diapause-destined. The expression levels of ApKK-42BP mRNA were comparatively investigated in the brain and hemolymph, respectively, between nondiapausedestined spring larvae and diapause-destined autumn larvae. In the brain, expression of ApKK-42BP mRNA was not signiÞcantly different in nondiapause-destined individuals compared with that in diapause-destined individuals (Figs. 4A and 4a) . In the hemolymph, the expression trend of ApKK-42BP mRNA was the same as that in the brain between the two kinds of individuals. ApKK-42BP mRNA expression in the brain was at a high level, similar to that of the control.
The fat body plays major roles in the life of insects. It is a dynamic tissue involved in multiple metabolic functions. Of these, lipid metabolism is essential for growth and reproduction and provides energy needed during extended nonfeeding periods (Arrese and Soulages 2010) . In A. pernyi, it is known that lipid substrates, especially triglyceride, are stored in the fat body as a high energy substance to maintain metabolism during pupal diapause. Expression changes of ApKK-42BP mRNA in the fat body of female pupae were investigated by RT-PCR during diapause (Figs. 4B and 4b). We found that low level of ApKK-42BP mRNA expression in prediapause period of diapausedestined autumn pupae was similar to that in nondiapause-destined spring pupae. However, expression of ApKK-42BP mRNA was at an undetectable level when diapause-destined autumn pupae entered early diapause and diapause. Expression of ApKK-42BP mRNA in postdiapause pupae was observed at a low level similar to that in prediapause pupae. We also found that expression of ApKK-42BP mRNA increased at a high level, similar to that of the control, when diapause-activated pupae developed into the late pupal stage in which eggs had been formed in females (Figs. 4B and 4b) . Similar results were also observed in diapause and postdiapause pupae of the univoltine strain Fig. 2 . Phylogenetic tree based on the amino acid sequences from ApKK-42BP and related proteins. The numbers near the branch represent bootstrap percentages. The topology was tested using bootstrap analyses (2,000 replicates). GenBank accession number of ApKK-42BP and related proteins is shown following the name of organisms. Identity (%) in parentheses is obtained by pairwise alignment of the complete amino acid sequence of ApKK-42BP with indicated homolgues. 
(data not shown). These results indicated that the
ApKK-42BP gene mRNA expression was down-regulated, or shutdown, in diapause.
Discussion
KK-42BP was Þrst isolated from the diapausing pharate Þrst instars of A. yamamai (Shimizu et al. 2002) , which provides a clue to the mechanism of diapause termination . We previously isolated the full-length cDNA of the KK-42BP gene from A. pernyi and analyzed its partial molecular characteristics by bioinformatics analysis ). Here, we characterized the ApKK-42BP gene including homologous comparisons, phylogenetic relationships and expression patterns. Our data showed that KK-42BPs from A. prenyi and A. yamamai are likely to be new members of minor yolk proteins, and that both of them contain a lipase-like region. It has been shown that the lepidopetran yolk proteins have sequence similarity with the lipoprotein lipases (Persson et al. 1991, Shirk and Perera 1998) , however, they are not catalytically active (Pistillo et al. 1998 , Horne et al. 2009 ). Yolk proteins have been suggested to be ancestors of lipases and are considered ancient animal proteins (Terpstra and Geert 1988, Persson et al. 1991) . Pistillo et al. (1998) has suggested that the region of lepidopetran yolk proteins with sequence similarity to lipases is involved in steroid hormone binding. This lipase-like region permits the storage of the hormone in an inactive form, which can be released from its conjugate lipids to induce developmental decisions in embryogenesis, when the yolk proteins are degraded (Bownes et al., 1988) . We now know that KK-42 has the function as an anti-ecdysteroids (Kadono-Okuda et al. 1987) . Thus, it is reasonable to speculate that there exists a competitive relationship between KK-42 and ecdysteroid hormone, when conjugated with KK-42BP. To address this assumption, the binding site of KK-42 in KK-42BP need to be identiÞed, and the competitive conjugation tests between KK-42 and ecdysteroid hormone with KK-42BP need to be performed, in the future.
The ApKK-42BP gene mRNA was shown to be expressed in all tissues, throughout four developmental stages and in both females and males, which was different from the results observed in the yolk proteins from B. mori and P. interpunctella. The domesticated silkworm, B. mori, is a major lepidopteran insect model for research from which draft genome sequences are available (Xia et al. 2004) . By search against SilkDB, an open-access database for B. mori genome biology (Duan et al. 2009 ), only one protein homologue for egg speciÞc protein, also known as yolk protein (1607133A), was found. The in silico gene expression analysis, based on EST resources at http:// www.ncbi.nlm.nih.gov/Unigene/ESTproÞleViewer/, revealed that this gene was only expressed in ovaries and in the pupal stage. It has been shown by Northern hybridization analysis that the egg specific protein gene is expressed only in follicles undergoing vitellogenesis (Sato and Yamashita 1991) . The P. interpunctella yolk protein two was also shown to be expressed speciÞ-cally in ovaries (Shirk and Perera 1998). We also found The electrophoretic results and relative intensity in prediapause, diapause, and postdiapause periods, respectively. Total RNAs were extracted from fat bodies of female pupae. Nondiapause-destined pupae were from the spring pupae, and diapause-destined pupae were from the autumn pupae. Postdiapause pupae (1) and (2) represent diapause-activated pupae without, and with, developing ovarian follicles undergoing vitellogenesis, respectively. that expression of ApKK-42BP mRNA increased at a high level when diapause-activated pupae developed into the late pupal stage in which eggs had been formed in females, which was consistent with the results observed in the yolk proteins from B. mori and P. interpunctella. These different expression patterns, taken together, suggested that KK-42BP is likely involved in a function other than as a yolk proteins.
High level (95%) of sequence identity indicated A. pernyi KK-42BP and A. yamamai KK-42BP are likely to be the same protein. Our results showed a different expression pattern of the KK-42BP gene between pupal diapause of A. pernyi and pharate Þrst instar larval diapause of A. yamamai. In A. yamamai, Shimizu et al. (2002) observed that KK-42BP appears throughout the period of diapause and disappears after the KK-42 application or a long period of chilling to terminate diapause, suggesting it is associated with larval diapause termination of A. yamamai. In A. pernyi, however, our results indicated that the KK-42BP mRNA disappears during diapause and reappears in postdiapause, and that mRNA expression level was similar between nondiapause-destined and diapause-destined larval individuals, stating that a lack of KK-42BP is associated with pupal diapause and its expression may be critical to nondiapausing individuals. Therefore, further comparative investigation between A. pernyi and A. yamamai during diapause development is needed to establish the facts, perhaps by increasing the sampling points with more precise real-time quantitative RT-PCR and Western blot analyses.
KK-42, an insect growth receptor, is a chemical that can break diapause not only in pharate Þrst instars of A. yamamai and L. dispar (Suzuki et al. 1990 (Suzuki et al. , 1993 Lee and Denlinger 1996) , but also in pupae of H. armigera (Wang et al. 1999) . Diapausing pupae of A. pernyi are characterized by a virtual absence of the molting hormone and diapause can be broken by the injection of 20-hydroxyecdysterone (Yu et al. 1998) , as seen in H. armigera (Wang and Gong 1997) . Thus, we suppose that KK-42 might also have a similar function of diapause termination in A. pernyi. To address this question, the functional analysis of KK-42 on diapause termination of A. pernyi is underway.
Diapause hormone (DH) is a very important and well studied neuropeptide in lepidopteran species. We now know that DH has different effects on different lepidopteran moths. It induces embryonic diapause in B. mori (Yamashita 1996) , but can terminate pupal diapause in Heliothis virescens L. (Xu and Denlinger 2003) , H. armigera (Zhang et al. 2004) , Helicoverpa assulta (Guené e) , and Helicoverpa zea (Boddie) (Zhang et al. 2008) . Recently, DH has been isolated from A. pernyi (AY445658) (Wei et al. 2008) , and the existence of DH in A. yamamai has also been evidenced (Wei et al. 2006) . Does DH contribute to diapause in the two Antheraea species undergoing different diapause types? To address this essential question, the function of DH needs to be further investigated in the two Antheraea species. Moreover, because KK-42 have similar divergent functions contributing to diapause termination (Suzuki et al. 1990 , 1993 , Lee and Denlinger 1996 , Wang et al. 1999 , the possible interactions between DH and KK-42 (or KK-42BP) need to be investigated in the future.
